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SECTION I

INTRODUCTION

During the course of the CAST program, fatigue and fracture data were developed to
support the durability and damage tolerance aralisis efforts. These data were

obtained from specimens that were machined from separately cast plates and blocks

(ref. 1). Although a relatively large number of specimens were tested, the question of

what the properties of the cast bulkheads vv,:er remained. Unlike data of wroughtJ

materials, separately cast specimen data do not neces&3ZI ily correlate to properties of

full-scale castings. A large number of foundry variables, such as location of chills and

risers, greatly influence the material properties. Therefore, fatigue and fracture

properties evaluation of the cast bulkheads was performed in addition to the full-scale
test evaluation of structural integrity. The data of reference 1 will be referred to as

separately cast specimen data in this report, in~ contrast to the data obtained from

specimens excised from the bulkheads.

r.; I



SECTION II I
FATIGUE AND FRACTURE TEST DATA

1. TEST SPECIMEN ORIGIN

Twenty cast aluminum (A357-T6) bulkheads (Fig. 1) were produced by the Boeing

end Hitchcock foundries during Phase IV of the CAST program (ref. 2). The

Hitchcock castings were produced according to Boeing's manufacturing plan and

with Boeing-developed and furnished tooling. Two bulkheads were selected from

each foundry for mechanical, fatigue, and fracture property testing. The results

01of the mechanical property testing are discussed in Part III of this report,

reference 3. The- selected bulkheads are identified as follows:

Boeing foundry M08, M09

Hitchcock foundry N02, N09

The Boeing castings vrere cut into five pieces as shown in Figure 2 prior to heat

treatment. The Hitchcock castings were heat treated in one piece. Heat

treatment of all castings was as follows:

Solution heat treatment: 1010 + 10OF for 24 to 25 hours

Quench delay: 10 seconds maximum

Quenchant: 106 + 150 F water

Natural aging: Room temperature for 16 to 24 hours

Precipitation heat treatment

(aging): 325 + 100 F for 7 to 8 hours

Constant-amplitude fatigue specimens were obtained from each of the four

castings. They were removed from the sidewalls of the corrugations in Zone 1

(Fig. 2). Crack growth specimens were removed from the shear webs in Zones 3

and 5. Only the attachment lugs, among the critical areas, were thick enough to

remove compact specimens for fracture toughness testing. Specimens were

obtained from lugs number 1, 2, 7, anid 8 from each casting. Table 1 summarizes

this information wid presents the total number of specimens involved in the

investigation.

3
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2. FATIGUE TEST RESULTS

Constant-amplitude fatigue tests were conducted according to ASTM recom-

mended practice (ref. 4) as much as possible. The specimen surfaces were

basically left as-cast, except that some cleanup was peformed when protruuionis

were present. Because of the nature of the castings, the specimens did not have

completely uniform thicknesses and were not completely flat. The specimen

geometry was as shown in Figure 3. All tests were performed in laboratory air

environment at a stress ratio of R = 0.06. The test results are summarized in

Table 2. A comparison of these data to the separately cast specimen data is

shown in Figure 4. The bulkhead data are scattered over a wider range of cycles

14o failure, but the numLber of data points also is larger a c this maximum stress

level. Assuming a two-parameter Weibull distribution for S-N data, it is found

that the number of cycles for 37% probability of survival (61,000) for these data

is approximately the same as for the independent specimen data (56,000).

For Boeing durability analysis, it is customary to express S-N curves as a four-

parameter femily of curves, i.e.-

fmax f(DFR, fmo, R, N)

where DFR, fmo, S, and R are the parameters and N, number of cycles, is the

independent variable. It has been found that the parameters fmo and S are

material-dependent and can be kept constant for a given material. The

parameter R is the stress ratio. Therefore, the geometric effects on fatigue life

or the quality of the structure with respect to fatigue can be expressed solely by

the deta'I fatigue rating, DFR.

A DFR of 11 for a stress concentration of kt = 3.0 was used in the durability

analysis of the bulkhead (ref. 5). The data presented here yield a DFR of 11.9,

which is approximately the same as for the separately cast specimen data. Since

a higher DFR means better fatigue quality, it is thus demonstrated that a

slightly conservative DFR or, in other words, a slightly conservative S-N curve,

was used in the Phase III durability analysis.

7
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Table 2. Fatigue Test Results

SpecimnIL I Max. fatigue stress (ksI) R - .06 Cycles to failure

NSNH2C1 12.6 287000 I1I

NSNH2C2 18 35000

NSNH2C3 46000

NSNH9C1 103000

NSNH9C2 440D0

NSNH9C3 39000

NSNBC1 31000

NSN8C2 56000

I'NSN8C3 700D02/

NSN9C2 30000 '
NSN9C1 331100

NSN9C3 30000

1/Tested at 12.6 ksl In error, grip failure

2IGrip failure

8
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If one examines the Boeing and Hitchcock data separately, it is found that the

K fatigue quality of the Hitchcock castings in the area investigated was better.

The DFR for the Hitchcock castings was found to be 12.2, while the DFR for the

Boeing castingrs was 10.5 (Table 3). A large margin on fatigue life was predicted,

such that this silghtly lower DFR for the Boeing castings is of no consequence.

3. CRACK GROWTH RATE TEST RESULTS

Crack growth rate tests were conducted according to the ASTM tentative test

method (ref. 6). The compact-type specimen was used (Fig. 5). All testing was

performed in laboratory air environment. A record of crack length versus

number of load cycles was obtained by using bonded-on, resistance-type foil

gages. The laboratory test reports are contained in Appendix A. These crack

growth rate data have been combined in Figure 6 and compared to the data

obtained from the separately cast specimens. It is seen that the two sets of data

are in general agreement. It is noted that, upon removal of data from specimens

SEN 95-1, SEN 95-2, SENH 95-1, and SENH 95-2 (Fig. 7), the remaining data

exhibit considerably reduced scatter (Fig. 8). It is further noted that the

removed data (Fig. 7) represent crack growth rates of the same area of the four

bulkheads (Area 5, Fig. 2) exclusively. An examination of the fracture surfaces

by optical microscope to 30X magnification indicates that there is a slight

increase in microshrinkage in these specimens compared to the others.

The crack growth rate expression:

da/dN = C(1 - R)m (Kinax)n,

where C, m, n are material related constants, Kmax is the maximum stress

intensity factor, and R is the stress ratio, was least-squares-fitted to (1) AU

bulkhead data, (2) the Hitchcock data, and (3) the Boeing bulkhead data. Figure

9 shows the resulting lines. There is no significant difference between the

Boeing and Hitchcock data. Also, the difference between the crack growth rates

used for the Phase III crack growth analyses and the data obtained from this

investigation is negligible and the analysis is conservative in the low K regime.

10
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Overall, it is gratifying to see the agreement between the separately cast

specimen data and the bulkhead data. This demonstrates that useful crack

growth rate data can be obtained from separately cast material.

4. FRACTURE TOUGHNESS TEST RESULTS

Plane-strain fracture toughness tests were conducted according to ASTM

standard test method (ref. 7). The compact-type specimen geometry (Fig. 10)

was used. The specimens were located on the attachment lugs as shown in 7
Figure 11. These lugs were heavily chilled to obtain optimum properties. All

tests were conducted in laboratory air environment. The laboratory test results

are contained in Appendix: B. The crack front of all specimens exhibited too

much curvature according to reference 7 and, for that reason, no valid plane-

strain fracture toughness (KIC) data were obtained. The data are henceforth

referred to as KQ data. An examir.ation of the data (Table 4) shows that the

results fall into one of three categories:

1. Failure during fatigue cracking (specimens CIH9L1, C9L1, C9L8)

2. Lower KQ values compared to item 3 (specimens CIILl, CH9L2, CI-19L7)

3. Consistently good KQ results for the remaining specimens

The fracture surfaces of the specimens were examined under an optical micro-

scope at 30X magnification. Specimens of category 2 showed more micro-

shrinkage than specimens of category 3. Category I specimens had noticeably

more microshrinkage and the size of these defects was larger compared to the

other specimens. Thus, the amount and sizes of the defects correlate with the

test results, as expected. Considering average KQ values for the individual

bulkheads and ignoring the ones with prematurely failed specimens, it is found

that bulkhead number M08 had slightly better fracture toughness in the lug areas

than bulkhead No. 2. Bulkhead No. 9 exhibited the lowest fracture toughness.

Records of the piocess variables for the individual bulkheads do not offer any

clues to this relative ranking in fracture toughness.

Residual strength analysis was conducted during Phase III of the CAST program.

An average KIC value of 17.6 ksi in. 1/ 2 was used with a lower bound of 16

ksi in. 1 /2 . These values were derived from some valid KI- tests conducted

earlier in the CAST program. Since the crack front curvature of the bulkhead

16 I'
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Table 4. Fracture Toughness Test Results

Specimen ID KQ •:sI VU

SH2L1 21.6

CH2L2 20.8

CH2L7 19.7

CH2L8 20.6

CH9L1 18.3

"C119L2 18.7

,11CH9L7 13.9

CH9L8 Precracd
Failure

C8L1 24.4

C8L2 20.5

C8L7 20.6

C8L8 20.0

C9L1 Precrack
Failure

C9L2 21.4

C9L7 21.6

C9L8 Precrack
Failure

i
specimens is not too severe, it can be assumed that the KQ values obtained are

close to valid KIC values. The average KIC value used in the phase III analyses

is thus confirmed. However, a lower bound of 16 ksi in"/ 2 appears too

optimistic in light of this investigation. The independent specimen data yielded

KQ values from 23.7 to 26.8 ksi in. 1 / 2 with an average KQ of 26.1 ksi in. 1/ 2 .

However, these data exhibited too much yielding (2.5(KQ/TYS) 2 B) and,

therefore, cannot be assumed to be close to KIC. Therefore, a comparison of

the bulkhead data with the separately cast specimen data is not possible.

18
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SECTION III

CONCLUSIONS AND RECOMMENDATIONS

The fatigue and fracture property data obtained from four full-scale A357 cast

aluminum alloy bulkheads (two each from the Boeing and Hitchcock foundries)

confirmed, in general, the material properties assumed for the Phase III durability and

damage tolerance analysis. The data also are in general agreement with property data

obtained from specimens that were machined from separately cast plates and blocks.

The low fracture toughness values obtained from two of the castings also point out

that a need exists for continued dev .3lopment of this casting technology. In particular,

a need exists to develop the nondestructive evaluation of fatigue and fracture

properties of ct stings. For castings to be used in primary aircraft structure, it is

absolutely necessary to know the lower bound fracture toughness with a high degree of

confitience.

The need for nondestructive evaluation of casting mechanical properties was

recognized earlier in the CAST program, and a promising method has been developed

for tensile properties and further improvements are planned. It is recoinmended that

the nondestructive evaluation of fatigue and fracture pioperties of castings also be

developed.

19
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CRACK GROWTH RATE TEST DATA
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Table A-1. 1. Crack Growth Data - SEN 83-1

SPECIMEN NO. SEN83-i
ALLOY A357
HEAT TREAT T6
ALLOY FORM CAST
SURF. TREAT. AS MiLLED

C MANUFACTURER BOEING ___

H EAT NUMBER NA- -C SPEC. CONFIG. D6-4671-626
CRK ORIENT'N NA.
ENVIRONMENT AIR
TEST TEMP. 72 DEC F
TEST HUIMIDITY 55 PCT AW
YIELD STRESS 39.6 KSI
MAY. LOAD 375 LB

.iSTRESS RATIO 0.060
SPEC. TH-ICK. 0.1202 INCHES
SPEC. WIDTH4 2.498 INCHES
SPEC. FAILURE 88000 CYCLES

STIME 8,41,26
Co DATE 1 /25/80 ___

z

L9

Cc'

PROGRAM NOI*CWI -- VERSION 2

boo 20.00 40.00 60.00 80.00 100.00
NUMBER OF CYCLES (X10'-`

25



TableA-1.2. Crack Growth Data- SEN83-1

SPECIMEN NO. SEN83-1
PLLOY PS357

[..WEPT TREAT T6
ALLOY FORM CAST
"SURF. TREqT. AS MILLED

-MANUFRCTURER BOEIN-
HEPT NUMBER NP

-SPEC. CONFIQ. D6-4671-626
CRK DRIENT'N NP
ENVIRONMENT RIR
TEST TEMP. 72 DEG F
TEST HUMIDITY 55 PCT PA
YIELD STRESS 39.6 KSI
MAX. LORD 375 LB
STRESS RRTID 0.060

t00. SPEC. THICK. 0.120Z INCHES
-SPEC. WIDTH 2.498 INCWES - -- -"

-SPEC. FVIILURE 88000 CYCLES | -..-

-TIME 8141126
L.J DATE 1/25/80

-J __

c:_cr_

0.PORR DCW -. ESO

117

1. 10 0
'T DELTK K a 0.62 (D/DN)o" 16)
, DELTA K z 18.7 WHEN OA/DN •100.
S. Az 0 . 983

SPADQRAM NOTC14t- VERSION 2

t.0 to. too
DELTR K (KSI 11q-N)

I

26 "
I



Table A- 1.3. Crack Growth Data - SEN 83-1

wwwýW-4~ -m ~r- Ln 0) r- NW01)?.

r . 19 , -. '.. .

.-41w cJ t'oq-4 wow 4,v I -4 4

f U) - v vW (7 Si () W-

Cu(i rJP

U) -- ,~-' 0 0

(J] < Lnr-m..4m) nr . -, r'-m.- ý 44 4 .- 4 I' -4 ý4 ý"ý4ý(

.4W V OCW WN 0 )nc0w N1 M VWWO&ýM

ini
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Table A-2 1. Crack Growth Data - SEN 83-2

SPECIMEN NO. SENB3-2
ALLOY A357
HEAT TREAT T6ALLOY FORM CRST

SSURF. TREAT. WS MILLED
SMANUFACTURER BOEING

" WEAT NUMBER NA
SPEC. 1,DNFIG. 06-4671-626
CRK ORIENT'N NA
ENVIRONMENT AIR
TEST TEMP. 72 DEG F
TEST HUMIDITY 42 PCT PH
YIELD STRESS 39.6 KSI _________

MPX. LORD 375 LB
C . STRESS RPTIO 0.060

SPEC. THICK. 0.14Z0 INCWES
SPEC. WIDTH 2.495 INCHES
SPEC. FAILURE 259000 CYCLES

TIME itiZ3:42
DARTE 1/ 5/80

L)J

LD-

zLIJ•

Lii

CC

Co

PROGRAM NOTCRI -- VERSION 2

%4.00 Meg 120.00 160.00 200.00 240.00NUMBER OF CYCLES (X10 3 )

+
I.

/,28



7ab/e A-22 Crack Growth Deat - SEN Zi;-.2
1000. _. __,

SPECIMEN NO. SEN83-2 I
-RLL.DY A357
-WEAT TREAT T6

ALLOY FORM CRSTSURF. TREAT. AS MILLED 
--MANUFACTURER BCEING N

HEAT NUMBER NRSPEC. CONFIG. D6-4671-626 Fi
CRK ORIENT'N NA
ENVInONMENT AIR

-TEST TEMP. 72 DEG F
TEST HUMIDITY 4Z PrT PW P
YIELD STRESS 39.6 KSIMAX. LORD 375 LB
STRESS RATIO 0.060

100. SPEC. THICK. 0.1420 INCHES
-SPEC. WIDTH 2.495 INCHES-SPEC. FAILURE 259000 CYCLE-

TI HE 11i23i42
,.%Ll DATE 1 25/80
.-J l_ _0

0

CC

CD

i.0

,,_ _,__ _ _ _

NI

-DELTR K B.97 DA/DN5 0 . 1 6 9
___ LTADA K = 19.5 WHEN DA/DN u 100.

-2 = 0.878

. _PRGRAM NOTC - VEASUN J20. 1 . I I I I I .L _L
1.0 to. t00

DELTR K (KSJI JH-)

29



F1 Table A-23. Crack Growth Data - SEN 83-2

aq~~ ~ R1H

'.D m ( C 0<D(D 1 f 1 Wý4 m m v vJW v~(U' M U WLn t.1.0 W r-O n (n ) 0 )
-' ~ ~ ~ ~ ~ ~ 4 44- ý.4uu Iw u ~ W~.4 t 4,ý -1 4 W. XV -
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Table A-1 1. Crack Growth Data- SEN 85-1
I I

SPECIMEN NO. SENBS-i
ALLOY A357
HEAT TREAT T6
ALLOY FORM CAST

SSURF.. TREAT. AS MILLED
SMANUFACTURER BOEING

" RERT NUMBER NA
SPEC. CONFIG. D6-4671-626
CRK ORIENT'N NA
ENVIRONMENT AIR
TEST TEMP. 72 DEG F
TEST HUMIDITY 56 PCT RA
YIELD STRESS 39.6 KSI
MAX. LOAD 3?5 LB
STRESS RATIO 0.060
SPEC. THICK. 0.1256 INCHES
SPEC. WIDTH 2.498 INCHES
SPEC. FAILURE 188000 CYCLES

STIME tIiiSeZS
m DATE 1/S/8/8

L)J

z

b. I

Q3

WLU

u

Cc

rAr

PROGRAM NOTCHi -- VERSION 2

80.00 120.00 160.00 203.00 240.00
NUMBER OF CYCLES (X10 3  )

31



Table A-3.Z Crack Growth Data - SEN 85-1

-SPECIMEN NO. SENBS-1
-ALLOY A357
-HEAT TREAT T6

ALLOY FORM CAST
-SURF. TREAT. AS MILLED
.MANUFRATURER BOEING
HEAT NUMBEP NP

-SPEC. CONFIG. D6-4671-6Z&
CRK DRIENT'N NA
ENVIRONMENT AIR

-TEST TEMP. 72 DEG F
TEST WUMIDITY 56 PCT P11
YIELD STRESS 39.6 KSI
MRX. LORD 375 LB
STRESS RPTIO 0.060

10. -SPEC. THICK. 0.1256 INCWES
-SPEC. WIDTH 2.498 INCWES

SPEC. FRILURE t88000 CYCLE

-TIME t1115,23
SDATE 1 ZSI/8 .

>-J

L) - - - - - - -- --

"I

z

C"D

"'-1

CE:
CD

i.0

DELTR K - 9.40(DA/DN)o 15 9

DELTA K - 19.6 WHEN DR/ON = 100.
-A- - = 0.974

PROGRAM NOTCWI -- VERSION 2
0.1 ... . ._ __ __I I I I I I

1.0 to. 100

DELTA K (KSI 1I--)

32



Table A-3.1. Crack Growth Data -SEN 85-1
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Table A-4. 1. Crack Growth Data - SEN 85-2
. .. . I i

SPECIMEN NO. SEN8S-2
ALLOY A357
WERT TREAT T6
ALLOY FORM CASTSSURF. TREAT. AS MILLED
MANUFACTURER BOEING

2 HEAT NUMBER NA
SPEC. CONFIG. D6-4671-626
CRK DRIENT'N N4
ENVIRONMENT AIR
TEST TEMP. 70 DEG F
TEST HUMIDITY 42 PCT PH

SYIELD STRESS 39,6 KSI
SMAX. LORD 375 LB

STRESS RATIO 0.060
SPEC. THICK. 0.1234 INCHES
SPEC. WIDTH 2.499 INCHES
SPEC. FAILURE 219000 CYCLES

STIME 1ts Si24
DRTE 1/ 5/80

---

LJ

S~PRO•RPlM NOTCH! -.- VERSION 2

a.0 8'0.00 120.00 i60.00 200.00 240.00

NUMBER OF CYCLES (X1l'3 )

I34
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SPECIMEN NO. SEN8S-2
ALLOY ASS?
N4EAT TREAT T6
ALLOY FORM CAST
SURF. TREAT. AS MILLED
MANUFACTURER BOEING
NEAT NUMBER NA
SPEC. CONFIG, D6-467i-626

TEST TEMP. 70 DEG F
YIELD STRESS 39.6 KSIMAX. LOPD 375 LBSTRESS WAID 0.060180. SPEC. TI4ICK. 0.1234 INCWESSPEC. WIDTW 2.499 INCI4ESSPEC. FAILURE 219000 CYCLE

z

C:I
Cr

Cm

j0.1 
100

3S



Table A-4.3 Crack Growth Data - SEN 85-2

-4Cuu~uu~uuMMMM~v WWN UrrNo U)Q.-4 W S

$4X-

$414-4 1 >-r$ "C$ .n m n n1>-un44- 1114" 4 f

4+i E 01 N $4 G0(1D) DG 0( .4-

ED zrnv 4+ý V ý

NU) V4Nx2cr( WNOR~mNs)t -4 -w Vww
0.O r- 0. 00Q SSS-4N.-40)r 60." 44S

'4-f wwM M -i .-.- N )V 4 ,-,W w tn r-'ý w-w v

u 4, ,,4- -4 W-4 4.4"T4ý NW (UCWN Nu UN WN N NN W

w.-'m4 -M,-4w-4 -AA Q &4 ' -4 .-4-4 ",.-4.-4 N &

QM tWI rr WRNW NNLO fu M

C1 Q I.ltWxW )Nlt.1tlN O) t Jf

UA He 3

W C' rk-w Wi a.

0I 1 L 1MH
t 1 1  

-C

O-JI'. HO W. H -2 (O U- HA 01
tf E axInr H H>-ruua~3 U~ t.J(

36

7-



Tabl/ A-&•. Crack Growth Data - SEN 93-7
I "

SPECIMEN ND. SEN9B-1
ALLOY A357
WEPT TREAT T6
ALLOY FORM CAST
SURF. TREAT. RS MILLED
M MANUFACTURER BOEING

" WEAT NUMBER NA-
SPEC. CONFIG. D6-4671-626
CRK DRIENT'N NA
ENVIRONMENT AIR
TEST TEMP. 68 DEG F
TEST WUMIDITY 50 PCT RW

SYIELD STRESS 39.6 KSI
MAX. LORD 375 LB
STRESS RPTIO 0.060
SPEC. TWICK. 0.1397 INCWES
SPEC. WIDTW 2.500 I4CWES
SPEC. FAILURE 152000 CYCLES

' TIME Ili 9t49DATE 1/25/80

'0

Lu

I/

cr-

fU

-- I

10PROGRAM NDTCHI -. VERSION 2

NUMBERP OF CYCLES (X10 3 )

37
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Table A-5.2 Crack Growth Data - SEN 93-1

--00.SPECIMEN NO. SEN93-i

-ALLOY A357 -----

-WEPT TREAT TIS
ALLOY FORM CAST
_SURF. TREAT. AS MILLED
-MANUFACTURER BOEI NG
WEAT NUMBER NP
-SPEC. CONFIG. 06-4671-626-- -

CAK ORIENT'N NA
ENVIRONMENT AIR
-TEST TEMP. 68 DEG F
TEST HUMIDITY 50 PCT PH
YIELD STRESS 39.6 KS11
MAX. LORD 375 LB
STRESS RATIO 0,060

too. -SPEC. THICK. 0.1397 INCHES
-SPEC. WID0TH 2.500 I NCHES
-SPEC. FAILURE 152000 CYCLES- -

-TIME 11h 9149
uj DATE 1/25/80 __

:z

ai: -

DELTA K = .49(DA/DN5
0.1 ?5

DELTA K = 19.0 WHEN DR/ON to10.

PROGRAM NOTCH4 -- VERSION 2
0.F 1 [I___ I__ I

t. 0 to. 00

38



Table A-5.3. Crack Growth Data -SEN 93. 1
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Table A-6. 1. Crack Growth Data - SEN 93-2

I I 1
SPECIMEN NO. SEN-93-2

RLLDY A357
WEPT TREAT T6
ALLOY FORM CAST
SURF. TREPT. 'iS MILLED

SMANUFACTURER BOEING
2 WLAT NUMBER NA

SPEC. CONFIG. D6-4671-626
CRK DRIENT'N NP
!NVIRONMENT AIR
TEST TEMP. 69 DEG F
TEST HUMIDITY 50 PCT RH

SYIELD STRESS 39.6 KSI
2 MAX. LOAD 375 LB

STRESS RPTIO 0.060
SPEC. THICK. 0.1252 INCHES
SPEC. WIDTH 2.499 INCHES
SPEC. FAILURE 204000 CYCLES

TIME 8.56, 4
SDATE 1/15/80

I--

:z

uI

CI:
cc

PROGRAM NOTCHI -- VERSION 2

..t20.00 I60.00 20.S 240.00
NUMBER OF CYCLES (X103 )

44
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Table A-6.2 Cnpck Growth Date - SEN 93-2
ISPECIMEN NO. SEN-93-2

ALLOY ASS7
-HEAT TREAT T6

ALLOY FORM CAST
-SURF. TREAT. AS MILLED
-MANUFACTURER BOEING

NEAT NUMBER NA
SPEC. CONFIG. D6-4671-626
CRK ORIENT'N NA
ENVIRONMENT 1i1R

-TEST TEMP. 69 DEG F
TEST HUMIDITY 50 PCT A"
YIELD STRESS 39.6 KSI
MAX. LOAD 375 LB
STRESS RATIO 0.060100, 0 SPEC. THICK. 0.1i252 INCHES

-SPEL. WIDTH 2.499 INCHES
-SPEC. FAILURE 204000 CYCLEý4 ..

0-, -TIME 81561 -. - - - -

Li.J DATE _ /25/80 l
..J

CD-z

R2 10,

II

4i I

i. ... __ I I....I

ii

DELTR K KS AN)g(RDNm

SI DETRK I.7WHN RIN41t0



Table A-91 Crack Growth Data - SEN 93-2
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Tae A-7. 1. Crack Growth Data - SJN 96-1
SI

SPECIMEN NO. SEN9S-1
RLLOY A357
WERT TREAT T6
RLLOY FORM CAST
SURF. TREAT, RS MILLEDSMANUFRCTURER BOEING

' WEPT NUMBER NP
SPEC. CONFIG. D6-4671-626
CRK DRIENT'N NR
ENVIRONMENT RIR
TEST TEMP. 70 DEG F
TEST HUMIDITY 54 PCT P.
YIELD STRESS 39.6 KSI

SMAX. LOAD ?75 LB
cw STRESS RATIO 0.060

SPEC. THICK. 0.1210 INCHES
SPEC. WIDTH 2.497 INCHES
SPEC. FAILURE 122006 CYCLES

m TIME 11033145
o DATE 1/25/80

U -

II

.0 0. 60.S0 B•.00 I@0.90 120.900

NUMBER OF CYCLES (X103 )

I!

;i/, 43 "
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Tab/e A-7ZI C~rak Growth Data - SEN 95-17

-SPECIMEN NO. SEN95-1
-ALLOY P357 -

_WLT TREAT T6
ALLOY FORM CAST
-SURF. TREAT. AS MILLED
-MRNUFRCTURER B3OEING __

HEAT NUMBEAR NA
SPEC. CONFIC. D6-4671-626 -

CRK ORIENr'N NP
ENVIRONMENT kipR
-TEST TEMP, 70 DEG F
TEST W.UMIDITY 54 PCT PH
YIELD STRESS 39.6 KSI
MAX. LOAD 37S LB
STRESS RATIO 0.060

188. -SPEC. THICK. 0.t218 INCHES
-SPEC. WI 0TH 2.497 INCHES
-SPEC. FAILU14E 122880 cyCL

-LJ DAT i s/a

c:,

1.0.

DELTA K 22.0 WHEN DR/DN =100.

0.1~A ____.9____________

DELTA~a K 0 
-'-I o

"7W



Table A-I 3 Crack Growth Datea-SEN 95-1
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Table A-a 1. Crfk Growth Dota - SEN 95-2
I - I

SPECIMEN NO. SEN95-2
ALLOY A357
HEAT TREAT T6
ALLOY FOAM CAST
SURF. TREAT. AS MILLED
MANUFACTURER BOEING
W HEPT NUMBER NA
SPEC. CONFIG. D6-4671-626
CAK ORIENT'N NA
ENVIRONMENT AIR
TEST TEMP. 70 DEG F
TEST HUMIDITY 44 PCT RH

n YIELD STRESS 39.6 KSI
MAX. LORD 375 LB

" STRESS RATIO 0.060
SPEC. THICK. 0.1I94 INCHES
SPEC. WIDTH 2.499 INCHES
SPEC. FAILURE 89001 CYCLES

TIME 131 0130
DATE I/ 5/80

0".

LUL

u/
I-

Cc

ZU-J/

L.)

cc2

PROGRAM NOTCHI -- VERSION 2

ý0.00 40.00 60.80 69.99 1,69.00 120.00
NUMBER OF CYCLES (X10 3 )

46



'rable A-&2 Crwk Growth Data - SEN 95-2
• .1000.• -- __ __ _ _ __ _ _ __ _ _ __ _ _ __ _

-SPECIMEN NO. SEN9S-2
'-LLOY A357
-WEPT TREPlT T6

ALLOY FORM CAST
-SURF. TREAT. AS KILLED

MANUFACTURER BOEING
HEPT NUMBER NP

. .PEC. CONFIQ. D6-4671-626 -

CRK ORIENT'N NP
ENVIRONMENT PIR

.TEST TEMP. 70 DEG F
TEST HUMIDITY 44 PCT RH
YIELD STRESS 39.6 KSI
MAX. LOAD 37S LB
STRESS RATIO 0.060

100. SPEC. THICK. 0.1194 INCHES
SPEC. WIDTH 2.499 INCHES
SPEC. FAILURE 89000 CYCLE

-TIME 131 0,30
-LJ DATE 1/ 25/8I0

I
>_,

2: _____

(_.) 10

Z: ______

C -____ _

10.
I I i

D-..IELT K B. 4 Z(DA/DN5'6I -
WDELTA K = 17.7 WHEN DR/DN = 100.

POQARIM NOTCHI -- VERSION 2;!/0.1 __ _ _ _ _ _ __ _ __ _ __ _ __ _ __

1.0 10. 100
DELTR K (KSI vl )

47
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Table A-a a Crack Growth Data - SEN 95-2

V 1tn C4-M ~ U) Y

I ~ ~ ~ V fwwm~o ~ ni
1-Aýj14 (u -A- v ~4. -4.-§-4.4.-4IMI

r.VP n v1 -
~ ;~* ~q-'n~wwJ~nw.- .- m
Cur

L
19 w q U T . ..... C'q

V~ U 3

484
CL 'RI

4 I 0



Table A-S 1. Crack Growth Data - SEN 25-1

SPECIMEN NO. SEN2S-1
ALLOY P357
WEfiT TREAT T6
RLLOY FORM CRST

0 SURF. TREAT. AS MILLED
MRNUFACTURER BOEING
4 HEAT NUMBER NP
SPEC. CONFIG. 06-4671-626
CRK ORIENT'N NA
ENVIRONMENT AIR
TEST TEMP. 72 DEG F
TEST HUMIDITY 55 PCT P1t YIELD STRESS 39.6 KSI
MRX. LORD 375 LB"" STRESS RATIO 0.060
SPEC. THICK. 0.1250 INCHES
SPEC. WIDTH 2.501 INCHES
SPEC. FAILURE 167000 CYCLES

TIME 12149'53
SDPTE 1lZs/80

U-

II

(--

(_)

a:

400 0  BR OFCCE PCPD~M NOTCIII -- VERSION 2

•: 49
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Table A42Z Crack Growth Data - SEN 25-1

:SPECIMEN NO. SEN2S-1
-ALLOY ASS7
-HEPT TREAT T6
ALLOY FORM CAST
-SURF. TREAT, AS MILLED
-MANUFACTURER BOEING
HEAT NUMBER NA
SPEC. CONFIQ. D6-4671-626
CRK ORIENT'N NP
ENVIRONMENT AIR
-TEST TEMP.7DEF

YIELD SrALSS 39.6 KSI
MAX. LOAD 375 LB
STRESS RATIO 0.060

100. -SPEC. TH.ICK. 1.1259 INCHES

-SPEC. FAILURE 167061 CYCL"

0:

CD

DELTA K a 9. 83(OA/DNON 1

_____________DELTA K a 18.5 WHEN OP/ON *100.

PROGRAM NOTCW1 - VERSION 2

1.0 29. 100
DELTRi K (K SI IFFI-N

50



Table A-9.3. Crack Growth Data - SEN 25-7
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Trable A -la i. Crack G-cwth Data - SEN 25-2

SPECIMEN NO. SEN2S-2
ALLOY A357
HEAT TREAT T6
ALLOY rORM CAST
SU~R. TREAT. AS MILLED
MANUFACTURER BOEING _____

H4EAT NUMBER NA
SPEC. CONFIG. D6-46?1-626
CRK OAIENT'N NA
ENVIRONMENT AIR
TEST TEMP. 73 DEG F
TEST HUMIDITY 52 PCT 9WH
YIELD STRESS 39.6 KSI
MAX. LOAD 375 LD _________

c~iSTL)ESS RATIO 0,060
SPEC. THICK. 0.1246 INCHES
SPEC. WIDTH 2.496 INCHES
SPEC. FAILURE 192000 CYCLES

T IME 12,44,2?
cc DATE I 5/A,

to

z

cr-

PR~~M NDTCI4I - ERSION 2

NUMBER OF CYCLES (X103

52



Table A-1aCt2 rak Growth Data -SEN 25m.2

SSPECIMEN NO. SEN25-2
ALLOY A357
WHEPT TREAT T6
ALLOY FORM CAST
SURF. TREAT. AS MILLED---
ýAANUFACTUREA BOEING

NEAT NUMBER NA

-SPEC. CONFIG. D6.-4671-626I
-TEST TEMP. 7 ETEST WUMIDITY 2PTA
YIELD STRESS 39.6 KSI
MAX. LDAD 37S LB
STRESS RATIO 0.060

100. SPEC. THICK. 0.1246 I NCHES
SPEC. WIDTH4 2.496 INCHES
SPEC. FAILURE 192009 tYCLEý

TIME 12,44i27
Du ATE 1/25/80

rn

______DELTA K = 19.0 WHEN DA/ON = 100.

0.101

53



Table A -laa Crack Growth Data - SEN 25-2
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Table A-I1.1. Crack Growth Data - SENH 93-1
1 I 1

SPECIMEN NO. SEN1193-i

ALLOY A357
NEAT TREAT T6
ALLOY FORM CAST
SURF. TREAT. AS MILLýD
"MANUFACTURER BOEING
W HEAT NUMBER NA -,

SPEC. CONFI;. D6-4671-626
CAK ORIENT'N NA
ENVIRONMENT AIR
TEST TEMP. 72 DEC F
TEST HUMIDITY 52 PCT RN

m YIELD STRESS S9.6 KSI
MAX. LORD 375 LB
STRESS RATIO 0.r60
SPEC. THICK. 0.1204 INCHES
SPEC. WIDTH ZS05 INCHES
SPEC. FAILURE 190000 CYCLES

TIME Pi 0s58
N DATE 1/ /5/80

LU

u
z

km
Li

I-.

u
c-cz

uW

PROQAOM NUTCHI -- VERSION 2

~000 40.00 80.00 1213. 00 160.00 200.00
NUMBER OF CYCLES (X10 3 )

55
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Table A-I 1.2 Crack Growth Date- SENH 93•-1
t000.

SPECIMEN NO. SENW93-i
- ALLOY A357
[-HERT TREAT T6
LALLOY FORM CAST
-SURF. TREAT. AS MILLEDL-MANUFAICTURERI BOEING

WEPT NUMBER NP
-SPEC. CONFIG. D6-467i-626
CAK DRIENT'N NP
ENVIRONMENT AIR

_TEST TEMP. 72 DEG F --

TEST WUMIDITY 52 PCT PA
YIELD STRESS 39.6 KSI
MAX. LOAD 375 LB
STRESS RATIO 0.060

1O0. SPEC. TWICK. 0.1204 INCWES
SPEC. WIDT4 Z.S05 INC1ES
SPEC. FAILURE 190000 CYCLE - -

, TIME 9, 0158 5-
LLJ DATE I IZ51/8-

_J

>-

z
t- 1 - - -

CD
Cr
L.) 10.

z

CC
cni I

0.1

1.01.
DELTA K a IOJF DIDN O'iB)
DELTAI K a 20.8 WHEN DFA/DN =i0e.

-- R.- ,.I"i

NVERSION 20 . i _ I -I I I I I I
t.0 to. to a

DELTR K (KSI vf-I

r56



Table A- IIA Crack Growth Data - SENH 93-1
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Table A-121. Crack Growth Data - SENH 93-2
I I

SPECIMEN NO. SENW93-2
ALLOY AP57
WEPT TREAT T6
ALLOY FORM CAST
SURF. TREAT. AS MILLED
MANUFACTURER BOEING
"WEPT NUMBER NA
SPEC. CONFI. D&6-4671-614-626
CRK DRIENT'N NA
ENVIRONMENT AIR
TEST TEMP. 70.5 DEG F
TEST HUMIDITY 45 PCT PW

SYIELD STRESS 39.6 KSISMAX. LOAD 375 LB
- STRESS RATIO 0.060

SPEC. THICK. 0.1229 INCHES
SPEC. WIDTH 2.500 INCHES
SPEC. FAILURE 212000 CYCLES

STIME 2et54i8
DATE 1/15/80 I

Ln•

uJ

C.)•

01

CD
z
LUJ

CC

C)J

PROQRRM NOTCWI -- VERSION 2'.

'40.00 80.00 120.00 160.00 - 200.00 240.00
NUMBER OF CYCLES (X 10 )
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Tabl*A-12. Crack Growth Data - SENH 93-2

-SPECIMEN NO. SENW93-2- i
-ALLOY A357
-WEAT TREAT T6 •

RLLOY FORM CRST
-SURF. TREAT. AS MILLED
-MRNUFRCTURER BOEING
11EAT NUMBER NP
SPEC. CONFIG. D6-467i-6i4-626
CRK DRIENT'N NA
ENVIRONMENT RIR

.. TEST TEMP. 70.5 DEG F -
TEST 14UM.IDITY 45 PCT RA
YIELD STRESS 39.6 KSI
MRX. LORD 375 LB
STRESS RRTID 0.060

too, SPEC. THICK. O.t229 INCHES
-SPEC. WIDTH 2.500 INCHES
-SPEC. FAILURE 212000 CYCLE-

-TIME 12s54.2B - .
R DTE 1 /2I5/80 -

Z'

"In

1.0 __. _ _ _ . _ _

II

S~CD

DELTA k = 9.74CDP/ON) 0 1

DELTA K = 19.3 WHEN OP/ON loo.

0.0.100

1 PPOGRM NOTCHi VERSION 2

i.0tot o

IJELTR K (KSI I171)

r59
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Table A-7121 Crack Growth Data - SENH 93-2
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I
Table A- 13 1. Crock Growth Data - SENH 95-1

I I
SPECIMEN NO. SENW95-1
ALLOY A357
WERT TREAT T6
ALLOY FORM CAST

SSURF. TREAT. AS MILLED,
""MANUFACTURER BOEING
" HEAT NUMBER NA

SPEC. CONFIG. D6-4671-626
CAK ORIENT'N NA
ENVIRONMENT PIR
TEST TEMP. 72 DEG I
TEST HUMIDITY 40 PCT RHSYIELD STRESS 99.6 KSI
MAX. LOAD 375 LB

c" STRESS RATIO 0.060
SPEC. THICK. 0.1282 INCHES
SPEC. WIDTH 2.503 INCHES
SPEC. FAILURE 273000 CYCLES

STIME 8m51i20
SDATE I/ 5/80

:E

L)E

z
-4[

z
LU j

'I
.-.

PRDGPflM NOTCHI -- VERSION 2

00 40.00 80.00 t20.00 160.00 200.00
NUMBER OF "YCLES (X10 3 )
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Table A- •3.2 Crack Growth Data - SENH 95-1
1000.

-SPECIMEN NO. SEN-9S-i 
'

-ALLOY A357-WEPT TRERT T6 
_ALLOY FORM CAST

-SURF. TREAT. AS MILLED /-MANUFACTUREP BOEING
WEPT NUMBER NA

_SPEZ. CONFIG. D6-4671-.26CPK DRIENT'N NP
ENVIRONMENT AIR

-TEST TEMP. 72 DEG FTEST WUMIDITY 40 PCT PWYIELD STRESS 39.6 KSIMAX. LODD 375 LB
STRESS RATIO 0.060100. -SPEC. TWICK, 0.1282 INCHES 

_ _-SPEC. NIDTW 2.503 INCWES .SPEC. FAILURE 273000 CYCLE- --

- TIME R,51z20 - - - _
LLJ DATE 1/25/80 - ' i-'._ .

U- -
u

u

r'Y"

01

i.0

DELTA K = B.86( DA/DN5.'224DELTA K - 24.9 WWEN DA/ON 100B.
=z 1 0.932 -I I Ii

POGRAM NDTCN! - VERSION 2

DELTR K (KSI vIflN)
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Table A- 13.3 Crack Growth Data - SENFI 95-1
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Table A- lV. 1 Crack Growth Data SENH 95.2

SPECIMEN NO. SENW95-2
RLLOY ASS7
WEPT TREAT T6
ALLOY FORM CAST

co SURF. TREAT. AS MILLED
""MANUFACTURER BOEING

." HERT NUMBER NA
SPEC. CONFIG. D6-4671-626 I
CRK OPIENT'N NA
ENVIRONMENT AIR
TEST TEMP. 72 DEG F
TEST HUMIDITY 42 PCT PH
YIELD STRESS 99.6 KSI
MAX. LORD 375 LB
STRESS RATIO 0,060
SPEC, THICK, 0.1175 INCHES
SPEC. WIDTH 2.501 INCHES
SPEC. FAILURE 96000 CYCLES

TIME 8g 4124
DATE 1/ 8/80

uIJ
-)
z

z

" _PROGRAM NOTCHi -- VERSION 2

•6,00 640.00 720.00 800.00 880.00 960.00
NUMBER OF CYCLES (XI0 2 )



Table A-14.2 Crack Growth Data - SENH 95-2

5PECIMEN NO. SENW5S -2- i - , ,
-ALLOY A357
_9EAT TREP.T TL i i tV p
-RLLOY FORM CAST I :

SURF. TRFAT. AS MILLED

_MANUFACTURER BOEING
NEA4T NUMBER NA irSPEC. CDNFIG. D6-4671-626
CRK DRIENT'N NA f
ENVIRONMENT AIR•TEST TEMv,. 72 DEC F '-.
TEST WUMIDITY 42 PCT RA -i
YIELD STkESS 39.6 KSI
MAX. LOAD 375 LB
STRESS RATIO 0.060

100. SPEC. TWI CK. 0.1175 INCHES
SPEC. WIDT;4 ?.501 INCUES

-SPEC. FAILURE 96000 CYCLES-

- TIME 8t 4t24 - -

LLJ DPTE 1/28/80 T _y

I _"_ _I_. - -

,, -- - - -,__ _ .

- -I - ., iL
iN

DE4 K:9.08(DR/DN)0"109
DELTa K = 15.0 WUEN DR/ON : 100.

-z 0.367

0.1 I ' ,1
0  I . I I I I II

PROGRRM NDTEUI -- VERSION

D[LTR K (KSI I/N)

65
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Table A- 14.1 Crack Growth Datav - SENH 95-2
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APPENDIX B

FRACTURE TOUGHNESS TEST DATA
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